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1.  INTRODUCTION 


Given  two  electrodes  with  constant  potential  difference,  a conduct- 
ing body  (either  neutral  or  charged)  will,  upon  approaching  either 
electrode,  case  a sharp  rise  in  the  current  flowing  in  the  external  circuit 
immediately  before  contacting  the  electrode.  A simular  pulse  will  also 
result  from  two  conductors  approaching  each  other  in  the  field  produced 
by  the  electrodes.  These  effects  are  of  particular  interest  in  the 
detection  of  conducting  particles  and  in  the  detection  of  linkage-chain 
formation  across  electrode  gaps. 


2.  GENERAL  CONSIDERATIONS 

A conductor  traversing  the  region  between  the  electrodes  will  result 
in  an  energy  exchange  among,  1)  the  kinetic  energy  of  the  conductor, 

2)  the  total  electrostatic  field  energy,  and  3)  the  external  energy 
source,  e.g. , a battery.  This  energy  exchange  is  associated  with 
the  motion  of  the  conductor,  and  thus  current  flow  in  the  external  circuit 
occurs  only  during  the  traversal  and  ceases  upon  contact.  The  charge 
distribution  on  the  surface  of  the  conductor  changes  continuously  during 
traversal,  and  as  the  electrode  is  approached,  a charge  concentration 
which  approaches  a delta  function  6 (x  - 0)  is  formed  on  that  part  of 
the  conductor  nearest  to  the  electrode.  Upon  contact,  this  delta  func- 
tion of  charge  is  annihilated  by  an  image  charge  at  the  electrode  sur- 
face. However,  this  transfer  of  charge  from  the  conductor  to  the 
electrode  occurs  without  energy  exchange  and  hence  without  current 
flow  in  the  external  circuit. 

As  an  example  of  the  above  process  of  pulse  generation,  the  case  of 
a neutral  conductor  between  two  parallel  plates  is  especially  illustrative. 
It  can  be  shown  that  the  attraction  of  the  conductor  by  its  infinite 
set  of  image  charges  results  in  the  external  energy  flow  being  equally 
partitioned  between  the  electrostatic  field  energy  and  the  kinetic  energy. 
Nearly  all  of  this  energy  change  occurs  typically  within  a few  microns  of 
contact  and  is  directly  associated  with  the  change  in  the  charge  distri- 
bution on  the  conductor  which  causes  a peaking  of  the  displacement 
current  (3D/9t).  By  Kirchhoff's  Law,  the  current  in  the  external  circuit 
is  equal  to  the  displacement  current  and  hence  is  identically  peaked. 

By  means  of  the  Energy  Partition  Theorem  of  reference  (1),  the  external 
current  is  easily  inferred  from  a knowledge  of  the  net  force  F on  the 
conductor : 


2F  dx  = V dQ 


or 


ext 


'ext/u  = 2F/V‘ 


I,., 


W.  Bucher,  "Energy  Partition",  BRL  Report  in  preparation. 


' (1) 
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where  u is  the  velocity  and  V is  the  potential  difference  between  the 
plates.  The  force  F on  a long,  thin  conductor  has  been  derived  (see 
reference  2).  For  this  case,  the  external  current  flow  is  g,ven  by, 


Iext(z),/u  = - W 


_3 

32 


♦ (z) 


[1  ♦ 3(4> CZ)  ♦ 


(2) 


where  <(>(z)  is  the  bipolar  potential-energy  function,  which  takes  into 
account  the  effects  of  the  infinite  set  of  images  that  are  generated 
through  multiple  reflections  by  the  parallel  plates;  G is  a geometric 
potential  function  independent  of  z;  and  q is  the  classical  charge 
separation  factor  for  a conductor  in  a uniform  field,  i.e.,  in  the  absence 
of  the  conducting  plates.  The  square  of  the  factor  in  brackets  in  the 
denominator  of  eq.  2 takes  into  account  the  effects  of  the  plates  in 
enhancing  the  charge  separation.  Figure  1 is  a plot  of  the  function 
1 (Z)/ u for  a long,  thin  cylindrical  conductor.  A plot  for  an 

ellipsoidal  conductor  of  comparable  dimensions  would  be  nearly  identical 
except  within  the  region  of  a few  microns  from  contact.  The  essential 
difference  is  that  I (Z)  is  finite  as  Z -*■  ± d/2  for  flat-ended  conductors 
and  infinite  for  conductors  with  rounded  ends;  however  the  areas  under 
the  curves  are  necessarily  the  same. 


2.1  Coherent  Acceleration 


The  region  within  approximately  0.1  microns  of  contact  is  charac- 
terized by  enormous  accelerations,  which  for  thin  neutral  conductors 
can,  in  principle,  amount  to  several  billion  g's  for  moderate  plate  supply 
voltages.  The  mechanism  underlying  this  acceleration  is  based  on 
coherence.  Coherence  is  implicit  in  the  nature  of  image  forces,  such 
forces  being  proportional  to  the  square  of  the  clustered  charge.  The 
clustering  process  is  automatic,  being  achieved  in  the  formation  of  a 
one-dimensional  delta  function  at  one  end  of  the  conductor.  In  1 956 
Veksler  proposed'  the  use  of  the  coherence  principle  as  a means  of 
attaining  high  accelerations  in  particle  accelerators  and  outlines  four 
basic  ways  in  which  coherence  forces  could  result  on  particle  clusters. 
From  the  above  it  is  apparent  that  image  forces  represent  another  way  of 
coherent  acceleration. 

2.2  Charge  Pulses 

In  the  region  of  coherent  acceleration,  sparking  may  occur  across 
the  submicron  conductor-electrode  gap.  In  this  case  the  remaining  gain 
in  kinetic  energy  is  not  realized  but  instead  is  dissipated  in  the  form 


“W.  Bucher,  "Motion  of  Conductors  in  electrostatic  Field",  BRL  Report 
in  preparation. 

\’.I.  Veksler,  "Proceedings  of  the  CERN  Symposium  on  High  Energy 
Accelerators",  GENEVA,  195b  (CERN  Scientific  Information  Service, 
Geneva,  195b),  Vol.  1,  p.  80. 
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Figure  I.  Displacement  Current  Per  Unit  Velocity  Versus  Position  of  an 
Uncharged,  Cylindrical  (namely,  Flat-Ended)  Conductor  Moving 
in  the  flcctric  Field  Between  Parallel  Plate  llectrodes. 


of  heat.  However,  only  the  shape  of  the  current  pulse  is  modified; 
the  charge  Q associated  with  the  pulse  is  uneffected.  In  the  following 
section,  calculations  of  0 are  presented  for  1)  a single  conductor 
between  parallel  plate  electrodes,  2)  a single  conductor  approaching 
a spherical  electrode,  and  3)  multiple  conductor  linkage. 


3.  CALCULATIONS  OF  Qp 

It  can  be  shown1  that  the  flow  of  charge  AQ  in  the  external  circuit 
is  given  by  the  equation, 

AQ  = AH'  = j w(r)  [pf(r)  - Pi(r)]  dxdydz,  (3) 

where  AY  is  the  displacement  flux,  w(r)  is  a response  function  for  a 
unit  charge  at  the  position  r and  is  derived  solely  from  the  geometry 
of  the  electrodes,  and  p.  and  p^.  are  the  initial  and  final  charge  den- 
sities of  the  conductor (J) , respectively.  Equation  (3)  is  valid  for 
calculating  the  external  charge  flow  AQ  associated  with  any  change  in 
position(s)  or  orientation(s)  of  the  conductor (s) . In  the  present  work 
however,  only  Q (the  total  charge  flow  per  traversal)  and  Q (the 
charge  pulse)  are  of  immediate  interest.  ^ 

3,1  Single  Conductor  Between  Parallel  Plate  Electrodes 

For  the  parallel  plate  configuration,  equation  1 reduces  to  the 
one-dimensional  form 

rd 

AQ  = J | [Xf(Z)  - A.(Z)]  dz  (4) 

o 

where  A(Z)  is  the  one-dimensional  charge  density  with  respect  to  the 
Z direction,  i.e.,  normal  to  the  plates,  and  d is  the  plate  separation. 

3.1.1  Neutral  Conductor 

2 

From  previous  work*",  the  electrostatically  induced  linear 
charge  distributions  A (Z)  on  a long,  thin  (prolate  ellipsoid)  neutral 
conductor  are  inferred  as 

A (Z,0)  = - q«(Z)  ♦ Q Z (S) 

immediately  before  contact  and  as 

A.(Z,b)  = - 13.  + (2  - b)  (6) 

It 


10 


for  b >_  100  R,  where  b is  the  distance  between  the  conductor  and  electrode 
and  R is  the  radius  of  the  conductor.  In  the  above  equations,  L is  the 
conductor  length,  and  q is  the  net  charge  the  conductor  would  acquire 
upon  contact  and  is  given  by* 


l2/U 


- (r) 


where  E = V/d  and  V is  the  constant  potential  difference  between  the 
electroSes.  The  distributions  X(Z)  are  shown  in  Figure  2a.  The 
essential  point  in  the  above  is  that  the  surface  charge  distribution  on 
the  conductor  does  not  change  significantly  except  in  the  immediate 
proximity  of  the  electrode,  namely,  for  b 100  R,  the  region  of  pulse 
formation. 

The  result  of  the  above  indicated  integration  for  0 corresponding 
to  a neutral  conductor  approaching  either  plate  is 


Qp  = AQ  = Lq/2d 


= ire  E L /2d[«,n 
oo 


(r)  "■ 


3.1.2  Charged  Conductor 


The  appropriate  linear  charge  distributions  for  a long,  thin  conduc- 
tor carrying  a net  charge  -q,  acquired  from  contacting  the  opposite  plate 
(given  by  Eq.  7),  are  shown  in  Figure  2b.  The  results  for  Q_,  the 
charge  pulse,  and  Q^.,  the  total  charge  flow  per  traversal,  are 


Qp  = Lq/d 


it  e E L /d  U 
o o 1 


■ (?)  - 


3.2  Single  Conductor  Approaching  a Spherical  Electrode 


For  the  case  of  a single  spherical  electrode,  Eq.  3 can  be  reduced 
to  the  one-dimensional  radial  form 


- r * 


) [Af(r)  - A±(r) ] dr. 


>Note : When  the  conductor  length  is  comparable  to  the  plate  separation, 

the  charge  enhancement  correction  of  reference  1 must  be  used. 
Otherwise,  the  enhancement  factor  is  1.00  as  shown  in  equation 
7 and  subsequent  equations. 
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The  normalized  weighting  function  w(r)  is  determined  from  elementary 
considerations  of  displacement  flux  to  be 

w(r)  = -a/ (a  + r)  + const.,  (12) 


where  a is  the  radius  of  the  electrode. 


3.2.1  Neutral  Conductor 


The  appropriate  linear  charge  distributions  for  a long,  thin  neutral 
conductor  approaching  the  spherical  conductor  of  constant  absolute 
potential  Vq  are  shown  in  Figure  2c.  Here,  q represents  the  net  charge 
the  conductor  would  acquire  upon  contact  and  is  given  to  good  accuracy  by 


4o  = 7reo  Vo  aL~/ta  + I Un  (|^)  -1J  for  L < a. 


(13) 


The  result  for  Q is 
P 


{.n  (1  - a) 


Q = q 1 

p 'o  L a 


Hn  (1  - a) 


where 


3tte  V L“  f 1 - 

o o L a 

2a(|  + a)2  [in  (^)  - 1 


(14) 


a = L/a. 


3.2.2  Charged  Conductor 


Figure  2d  shows  the  charge  distributions  for  a long  thin  conductor 
carrying  a net  charge  -qQ  (acquired,  for  example,  from  contacting  a 
similar  spherical  electrode  at  a remote  location  and  at  an  absolute 
potential  -Vq).  The  result  for  the  external  charge  pulse  is 


Q = 2q  [1 

xp  ‘O  L 


(Un  (1  + ot) 


(15) 


which  is  twice  that  for  the  case  of  the  neutral  conductor  given  in  Eq.  (14) 
3.3  Linkage  of  Conductors  Between  Parallel  Plate  Electrodes 


Figure  ia  shows  the  equilibrium  positions  for  N identical  neutral 
conductors  across  the  electrode  gap.  However,  this  equilibrium  is  unstable 
and  a small  displacement  of  any  conductor  will  cause  an  imbalance  of 
the  image  forces  and  lead  to  collisions.  A collision  between  two  neutral 
conductors  (N-N)  will  result  in  a charge  pulse  through  the  external  circuit 
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d 


Q nn  and  subsequently  an  exchange  of  charge  between  conductors.  Basically, 
tHis  pheotunenon  is  the  same  as  that  of  a single  conductor  striking  the 
electrode  and  therefore  liquations  3 and  4 are  applicable. 

Following  the  N-N  collisions  (see  Figure  3b),  two  other  types  of 
interactions  will  occur:  N-C  and  C-C  collisions,  as  shown  in  Figures  3c 
and  d,  respect ivley . After  a number  of  collisions,  only  the  type  C-C 
are  possible.  For  each  of  these  three  interactions,  the  charge  pulse  Q 
is  calculated  as  follows.  ^ 

3.3.1  N-N  Collisions 


From  Equation  4 and  the  Mafenti  charge  distributions  of  Figure  3b,  the 
charge  pulse  is  determined  to  be 

QpN  = Lq/d  (16) 

where  q is  defined  as  in  Equation  7. 

3.3.2  N-C  Collisions 


From  Equation  4 and  the  MMM  charge  distibutions  of  Figure  3c  the 
charge  pulse  is  determined  to  be 

NC 

QjJ  = 3Lq/2d.  (17) 

3.5.3  C-C  Collisions 


From  Equation  4 and  the  charge  distributions  of  Figure  3d 

the  charge  pulse  is  determined  to  be 


Qp°  = 2Lq/d. 


(18) 


4 . SUMMARY 


It  is  clear  from  Sections  2 and  3 that  the  process  of  generating 
current  pulses  in  external  circuitry  is  now  well  understood. 

The  quantitative  results  for  long,  thin  conductors  are  summarized 
in  Figure  4 and  5 for  the  parallel  plate  and  the  spherical  electrode 
configurations,  respectively.  Table  1 lists  the  results  for  conductor 
linkage  across  electrode  gaps. 

Only  for  the  parallel  plate  geometry  are  experimental  data  available 
for  comparison.  Morrissey  and  Brannon  have  measured  the  charge  pulses 


*1.  Morrissey  and  W.  Brannon,  BRI.  Report  to  be  published. 
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TABLE  1 


Qp  PULSES  GENERATED  IN  FORMATION  OF  CONDUCTOR  LINKAGE  CHAIN  ACROSS 
PARALLEL  PLATE  ELECTRODES  BY  LONG,  THIN  CONDUCTORS 


Collision  Type 
N-N 
N-C 
C-C 


Qp  Pulse 

q* 

3q*/2 

2q* 


where 


q*  = Eq  L3/  d l 1] 


Q for  a variety  of  electrode  separations  d,  electric  field  strengths  E , 
and  conductor  lengths  L.  All  these  data  points,  which  are  folded  into 
the  one-dimensional  plot  of  Figure  4,  are  in  agreement  with  the  calculated 
curve.  (To  avoid  possible  confusion,  please  note  that  in  the  graphical 
method  used  in  reference  4 for  displaying  the  data,  the  data  points  do 
not  and  should  not  lie  on  a single  curve  since  various  values  of  d and 
L are  represented.  In  Figure  4 of  the  present  report,  however,  the  single 
curve  representation  is  applicable). 

The  calculated  curve  of  Figure  5 for  the  spherical  electrode  con- 
figuration is  of  particular  practical  importance  in  the  detection  of 
conducting  particles.  From  this  curve  can  be  inferred  the  conductor 
length  as  a function  of  the  detected  pulse-height.  Preliminary  measure- 
ments with  the  spherical  detector  show  excellent  agreement  with  the 
above  curve. 

Concerning  coherent  acceleration  in  the  near  region  of  the  electrodes, 
it  is  noted  that  sparking  limited  the  kinetic  energy  acquired  bv  the 
conductor  during  the  pulse  to  approximately  30  percent  of  its  optimum  value. 
This  was  inferred  from  the  observed  shape  of  the  external  current  pulse. 
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